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Introduction
Titanium-based alloys such as Ti6Al2Sn4Zr2Mo0.1Si (Ti6242S) are widely used in the aerospace industry because of their high specific mechanical strength. However, at high temperatures and under oxidizing conditions, Ti-based alloys undergo oxygen dissolution in addition to the growth of an oxide scale. Depending on time and duration, the oxygen dissolution can affect large depths, which can greatly alter mechanical properties [1, 2] . Nitrogen, main air constituent, can also dissolve in titanium and its alloys [3] . In 1986, Chaze and Coddet early reported the decrease in oxidation kinetics of titanium and Ti-X alloys (with X = Al, Cr or Si) when oxidized in a nitrogen-rich environment [4] . They set out three hypotheses to explain such nitrogen effect: (i) decrease in oxygen vacancy concentration in the rutile, (ii) decrease in oxygen solubility within the metallic alloy, (iii) nitride formation at the oxide-alloy interface. However, they did not show any experimental data proving any of these hypotheses. Three recent works brought experimental evidences on the nitrogen effect on the oxidation behavior along the oxide-alloy interface [5] [6] [7] . Kanjer et al. reported the formation of a continuous nitrogen-rich layer observed by nuclear reaction analysis between the oxide layer and shot-peened grade I titanium, after oxidation at 700°C for 100 h in dry air [5] . Dupressoire et al. compared the oxidation behavior of Ti6242S Ti-based alloy at 650°C in synthetic air (80% N 2 -20% O 2 ) and under 80% Ar-20% O 2 for 100 [6] and 1000 h [7] . Whatever the duration, they observed a decrease in mass variation as well as a decrease in dissolved oxygen and oxygen concentration at the oxide-alloy interface when the alloy was exposed to the nitrogen-rich environment. Micro-tips were then prepared from Ti6242S samples exposed to both atmospheres and atom probe tomography (APT) was performed [7] . While TiO was noticed above the α-Ti phase containing up to 24.5 at. % of oxygen in the tip related to the oxidation in 80% Ar-20% O 2 , concentration profiles close to Ti 2 N and an oxynitride were noticed in the tip associated to the synthetic air exposure, above a metallic phase containing only 0.8 at. % of oxygen. To confirm this, the oxide-alloy interface of Ti6242S alloy exposed in the same conditions (1000 h at 650°C under synthetic air or 80% Ar-20% O 2 ) was characterized by electron energy loss spectroscopy (EELS) technique.
The EELS technique allows obtaining local information at a nanometer scale and quantifying the element contents and phase evolution at an atomic level across the interface. Besides, based on the fine structure, the energy threshold and the shift of the Ti-L 2,3 edges could differentiate the chemical composition and its crystallographic structure such as TiN, Ti 2 N and metallic α-Ti [8] [9] [10] .
Experimental techniques

Materials
Ti6242S alloy studied in this work was forged by Aubert & Duval (Pamiers, France) and presented a duplex microstructure. Its chemical composition, determined by energy dispersive X-ray spectroscopy (EDX), was 10.5 Al, 2. ± scale on Ti6242S after a change in oxidation behavior from parabolic to linear above 700°C [11, 12] . Stratification of the oxide layer near the oxide-alloy interface is also observed. This phenomenon is mostly explained by the development of compressive stresses within the oxide and tensile stresses in the alloy, due to the high value of the Ti/TiO 2 Pilling and Bedworth ratio. When the stresses at the oxide-alloy interface reach a bearable maximum value, corresponding to a critical TiO 2 thickness, cracking at the oxide-alloy occurs [13] [14] [15] . Rutile TiO 2 (space group: P4 2 /mnm, lattice parameters: a = 4.5933 Å and c = 2.9592 Å from JCPDS no. 00-021-1276) was identified within the oxide scale, as highlighted by the selected area electron diffraction (SAED) pattern in Fig. 1a taken from an aperture of 300 nm size denoted by the small circle in the oxide layer. This is consistent with our previous study where rutile TiO 2 was detected by Xray diffraction and Raman spectroscopy in addition to α-alumina identified by fluorescence spectroscopy [6] . In the Ti6242S alloy, the β-phase (white contrast in Fig. 1a ) was easily visible within the α-matrix. Among the alloying elements, Al and O are α-stabilizers and Mo is β-stabilizer, Zr and Si being neutral elements. Qualitative EDX maps of the whole area are presented in Fig. 1b ; where four chemical elements are highlighted as: Ti-K α , Al-K α , O-K α and Mo-L α . It confirms that Mo partitions preferentially form in the β-phase.
Two regions of Fig. 1a were selected to check their chemical compositions: 1-red square in the upper oxide layer and 2-green square at the oxide-alloy interface. Fig. 2 presents the zoom of the STEM-HAADF image on the upper oxide layer and its corresponding EDX maps where Ti-K α , Al-K α , O-K α were selected. Al-rich oxides were detected on top of the TiO 2 layer, which was confirmed by EDX and coherent with our previous work [6] . Its presence in the upper part of the oxide layer is also in agreement with a study of Chaze and Coddet [16] on the effect of aluminum on the oxidation behavior of titanium between 550 and 750°C. The presence of an alumina layer, which is a very stable oxide, at the external surface of the TiO 2 scale has been observed on different alloys which form a rutile oxide scale: Ti 3 Al [17] , TA6V [18] , Ti-46Al-8Nb [19] . This phenomenon was explained by relative diffusion kinetics, i.e. kinetic demixing. Indeed, it is known that Al diffuses very fast along channels in the c-axis of the rutile crystal, therefore this specie segregates at the external part of the scale (see [17] ). Passing through the oxide-alloy interface as shown in Fig. 3 , a particular attention was made on the nitrogen content in the EDX maps. It is noticeable the Al, Ti and O are present in the oxide layer just before the interface, whereas nitrogen is ambiguously present in the alloy next to the interface. To verify the nitrogen content, EDX acquisitions were ground using P240 SiC paper and then cleaned in acetone and ethanol in ultrasound baths before oxidation under synthetic air and 80% Ar-20% O 2 for 1000 h at 650 °C. More details on the oxidation tests can be found in [6, 7] .
.. Characterization
Three cross-sectional 10 × 10 μm 2 samples were prepared using a focused-ion beam (FIB) FEI HELIOS 600i apparatus. Two samples were made from two regions, so called Region I and Region II, randomly chosen from the surface of the Ti6242S specimen oxidized for 1000 h in synthetic air while only one sample was obtained from the same alloy oxidized for 1000 h under 80% Ar-20% O 2 . These samples were studied and chemically analyzed using a JEOL cold-FEG JEM-ARM 200 F transmission electron microscope (TEM), operated at 200 kV and equipped with a Cs corrector probe of 0.078 nm spatial resolution. Characterizations were done using the high-angle annular dark field (HAADF) scanning TEM (STEM) mode. Energy dispersive X-ray (EDX) and electron energy loss spectroscopy (EELS) techniques were used to identify the oxygen and nitrogen content evolution across the oxidealloy interface. EDX qualitative maps and line scans of the sample were acquired with a JEOL CENTURIO SDD detector. EELS spectra were recorded using a GIF Quantum ER imaging filter. Collective and convergence semi angles were 19.4 and 14.8 mrad respectively. The energy resolution of 0.5 eV was determined using the full width half maximum (FWHM) of the recorded zero-loss peak. EELS line scans were recorded from the oxide scale towards the alloy passing through the oxide-alloy interface. An energy dispersion of 0.1 eV/channel was chosen to acquire the Ti-L 2,3 , N-K and O-K energy loss near edge spectra (ELNES). Each spectrum was acquired every 0.5 nm to monitor the evolution of the chemical shift and the fine structure changes in the Ti-L 2,3 edge profile.
Results and discussion
Ti6242S sample oxidized in synthetic air: (Region I)
Fig. 1a presents a low magnification STEM-HAADF image showing the oxide layer, the oxide-alloy interface and the Ti6242S alloy. STEM-HAADF image contrast depends on the atomic number (Z), such that the brighter and darker regions correspond to higher and lower Z respectively. The oxide scale formed in synthetic air was 2 0.1 μm thick and exhibited porosity in its upper part and close to the oxide-alloy interface. Several researchers also reported the formation of a porous oxide done on selected areas on the same STEM image of Fig. 3 . The selected areas were chosen to be large enough so the intensity counts are sufficient to quantify the composition of the constituent element (Fig. 4) . The selected areas taken at positions 1, 2 and 3 indicate a Ti-rich oxide phase in the oxide layer, whereas the other elements have a composition less than 4 at. %. At position 4, the selected area is taken at the oxide-alloy interface and monitors an abrupt increase in the nitrogen content and a decrease in the oxygen content respectively. After the oxide layer, in the α-phase of Ti6242S, at position 5, the decrease in oxygen content is clear along with the decrease in nitrogen. It is noticeable also that Ti and Al contents increase which indicates the α-Ti phase.
In general, EDX technique presents a qualitative information of almost all contained elements of the periodic table with detection limitations for light elements. EELS technique offers much more sensitivity compared to EDX for light element detection such as nitrogen and oxygen. For this, EELS line scan probe passing from the oxide scale towards the alloy was acquired in a 0.5 nm step size to identify the phases present at the oxide-alloy interface and their compositions.
Transition metals (such as Ti) ELNES spectra are identified by the white L 3 and L 2 lines due to spin-orbit splitting of 2p core hole and transition to 3d states [20, 21] . The L 3 (2p 3/2 → 3d) and L 2 (2p 1/2 → 3d) white lines of metallic Ti are usually detected at 457 and 462.5 eV respectively [8] . In all of the following EELS treatment, the background prior to the edges was fitted by a power law method and subtracted off so that only the Ti-L 2,3 , N-K and O-K edges are shown. Fig. 5a presents a STEM-HAADF image of the oxide-alloy interface. The latter is composed of four regions: (i) oxide (40 ± 2 nm), (ii) interface (13 ± 2 nm), (iii) nitride (30 ± 2 nm) and (iv) Ti6242S alloy. By APT, a nitrogen, oxygen and titanium rich phase was detected over few nanometers on the very end of one micro-tip at the oxide-alloy interface [7] . On this same micro-tip, an oxygen concentration of 4 at. % and 0.8 at. % was measured within Ti 2 N (∼ 20 nm thick) and the α-phase below the oxynitride region respectively [7] . Fig. 5b presents all the EELS spectra of Ti-L 2,3 , O-K and N-K edges where the modification of the fine structure of the Ti-L 2,3 along the line scan and the energy shift of the three edges for the four regions from oxide to Ti6242S can be seen. In this study, i.e. using the EELS technique, it is interesting to note the absence of N-K To follow the variation of the fine structure from the acquired EELS spectra, one N-K, Ti-L 2,3 and O-K ELNES spectrum of each region is plotted in Fig. 6a indicated by red, green, blue and brown. The core loss spectra of N-K, O-K and Ti-L 2,3 provide local information about the chemical bonding around the excited atoms. Thus, changes in the fine structure or an energy shift is an indication of different chemical compositions and/or crystallographic structure modifications. The oxide layer shows Ti-L 2,3 and O-K edge ELNES spectra with the absence of N-K edge. Besides, the Ti-L 2,3 and O-K edges were compared with those of reference samples of rutile and anatase where the asymmetry of the peaks and threshold energy position is a direct indication of the crystalline structure [19, [22] [23] [24] [25] . Brydson et al. and Ruus et al. showed that this asymmetry is resolved into two peaks by high resolution X-ray absorption (XAS) [23, 26] . As also seen by electron diffraction, the presence of TiO 2 rutile is confirmed by the fingerprint approach of the fine structure. The oxidation state of rutile TiO 2 is shown by the split of Ti-L 2 and L 3 white lines into 4 peaks as shown in Fig. 6a . In rutile (or anatase) structure, the octahedral coordination of Ti atoms with oxygen splits the degeneracy of unoccupied 3d states (each white line) into lower t 2g and higher e g bands [27] . At the interface, the O-K edge intensity decreases and its profile changes along with the appearance of the N-K edge, highlighting the presence of a titanium oxynitride and confirming the APT observations. It is also noticeable that the white lines L 3 and L 2 of Ti have changed. A shift to a lower energy loss value is also detected. For this, the modifications of Ti-L 3 and L 2 fine structure (four to two peaks) are due to changes in the atomic structure of the first atomic shells around the absorbed atoms. After the oxynitrides of titanium and as nitrogen occupies all the anionic vacancies, the N-K edge peak increased in intensity indicating the nitrogen concentration was greater in the nitride region with the absence of oxygen O-K edge. Oxygen/nitrogen vacancies, defects and changes in lattice parameter from TiO 2 tetragonal rutile to cubic rock salt TiN x structure (x changes as a function of the chemical shift observed in Fig. 6b ) affected the electron energy loss intensity and led to a shift to lower energy values.
To identify the formed titanium nitride, Ti-L 2,3 and N-K edges were compared with the study of Terada et al. on the chemical shift of Ti-L 3 edge at TiN/Ti interface [8] . They attributed this shift to a change in the chemical bonding of Ti with nitrogen atoms where a certain amount of charge transfers from Ti to N. Experimental ELNES were also verified with simulation using calculated band structure by Khin et al. and Terada et al. [8] [9] [10] . In [8] , experimental ELNES spectra were compared with calculated Ti-L 3 ELNES depending on the nitrogen vacancies present in the TiN crystal structure. In our study and according to the Ti-L 2,3 energy shift, the nitride region can be divided into three parts. From the oxide layer towards Ti6242S alloy, the nitrogen concentration decreases from TiN (4 nm), few nanometers of TiN 0.5 < x < 1 to Ti 2 N (11 nm) and then a nitrogen-rich α-phase within the alloy. The shift to lower energy value in the Ti-L 2,3 edge from TiN to Ti 2 N was reported in Terada et al. as being equal to ∼1 eV [8] . The increase in nitrogen vacancy closer to the alloy would increase the valence charge of Ti that leads to a decrease in L 3 DOS of Ti. N-K edge of TiN also exhibits a shift to lower energy loss value compared to N-K edge of N enriched Ti as present in the inset of Fig. 6b . Our results are in good agreement with the work of Terada et al. [8] for both Ti and N energy shifts to lower and higher energy loss values, respectively when nitrogen vacancy increases from TiN to Ti(N).
Sample oxidized in synthetic air: (Region II)
A second TEM FIB sample was extracted from a different region of the Ti6242S oxidized in synthetic air at 650°C for 1000 h. In this region, similar analysis was performed on a low magnification STEM-HAADF micrograph where the overall morphology (Fig. 7a) is almost identical to that of Fig. 1a . The oxide scale also measures 2 ± 0.1 μm in thickness and porosity and stratification are present in the upper region of the oxide scale. The latter is also identified as rutile TiO 2 by SAED acquired in similar conditions as in region I. Qualitative EDX maps of the four chemical elements shown in Fig. 7b are similar to Fig. 1b . However, in this sample, EELS spectra show no detection of nitrogen in the oxide-alloy interface. For this, different positions of EELS spectra along a line profile are represented on the STEM image (Fig. 8a) . In  Fig. 8b , the spectra are divided into three parts: oxide, interface and Ti6242S regions. A decrease in oxygen intensity peak passing from Tirich oxide spectrum (A) to a slight oxygen detection in the alloy at spectrum (R) can be noticed. Ti-L 2,3 and O-K edges (Spectrum (A)) doesn't resemble to a rutile or anatase-TiO 2 where the asymmetry of the four peaks is different from the rutile TiO 2 presented in Region I or to literature data of anatase. Stoyanov et al investigated the lattice distortion accompanied with oxygen vacancies in seven kinds of Ti oxides from tetragonal rutile TiO 2 to cubic TiO structure [28] . They also monitored that the energy position of the Ti-L 2,3 edges shift to lower energy when the oxidation state decreases. The major difference in the electron structure of different oxides such as TiO, Ti 2 O 3 and TiO 2 is the degree of occupancy of the 2t 2g level where TiO has two electrons, Ti 2 O 3 has one and none for TiO 2 . In rutile/anatase, the energy position of Ti-L 2,3 edge shifts to higher energy compared to Ti because there is no electron on the first unoccupied 2t 2g level where the screening is poorest. As the oxidation state decreases, the screening is better and the energy position of Ti-L 2,3 edge is closer to metallic Ti. The fine structure of Ti-L 2,3 and O-K edges of spectrum (A) was compared to the different oxidation states of Ti oxides presented in the work of Stoyanov et al. [28] and was identified as Ti 4 O 7 . Along the oxide-alloy interface, the fine structure of Ti-L 2,3 edge exhibiting four peaks corresponding to Ti 4 O 7 progressively changes to only exhibits two peaks for Ti. At the interface, without nitrogen detected, the shift in energy position of Ti-L 2,3 edge to lower energy values indicates the decrease in oxidation state.
A comparison between spectra (B), (I) and (R), shows that at lower oxidation states, L 3 and L 2 split to four peaks (Fig. 9) . The decrease in oxidation state from Ti 4 O 7 to TiO x (x < 1.7) and to a solid solution of Ti (O) is then attributed to an increase in valence charge of Ti atoms and consequently a decrease in its binding energy. Therefore, a shift to lower energy loss value in EELS spectra is observed. It is also worth noting that Ti-L 2,3 edges acquired in the α-Ti6242S after the oxide-alloy interface in both regions are identical as shown in Fig. 10 . This means that the solubility of oxygen or nitrogen in small quantities does not strongly affect the chemical nature of Ti in α-Ti6242S. Also, it is worth noting that neither oxygen nor nitrogen was detected by EELS in a TEM lamella extracted 300 μm underneath the oxide layer of the sample oxidized in synthetic air for 1000 h at 650°C (the data are not presented in this article).
Both observations of Ti6242S oxidized in synthetic air at 650°C for 1000 h can be explained thanks to TieOeN phase diagram generated at 650°C using HSC software [29] , presented in Fig. 11 for an oxidation environment made in synthetic air. There exist few diffusion paths to reach titanium. One can cross the oxynitride, TiN and Ti 2 N (path 1), as observed in region I, where another one can reach titanium right after the oxynitride (path 2). Another possible diffusion path would only cross oxides (path 3), like region II.
EELS spectra taken in region II of Ti6242S oxidized in synthetic air confirm 'path 3' with the decrease in oxidation states of Ti oxide as oxygen partial pressure decreases. On the other hand, formation of oxynitride/nitride layer confirms 'path 1' at low oxygen partial pressure plus at the interface of TiO 2 . At high nitrogen partial pressure, inclusion of nitrogen atoms starts to fill the oxygen vacancies and oxynitrides are formed.. Formation of oxynitride/nitride could act as a diffusion barrier for oxygen. Therefore, EELS spectra of region I confirm the previous hypothesis.
Sample oxidized in 80% Ar-20% O 2 atmosphere
Same analysis as the two previous samples was performed on Ti6242S oxidized in 80% Ar-20% O 2 atmosphere. The oxide scale of this sample is 10 μm thick (Fig. 12a) , five times thicker than that of the sample oxidized in synthetic air. The difference in oxide scale is indeed relevant to the oxidizing environment. A selected region of the FIB TEM sample is represented by STEM-HAADF image at the interface region (Fig. 12b) . The STEM image shows clearly a difference in contrast from the alloy (light gray) to the oxide layer (dark gray). To identify the bright contrast in the STEM image, an EDX line scan is drawn to show qualitatively the chemical element variation at the oxide-alloy interface. Fig. 13 shows the intensity of the detected elements as a function In order to better study the chemical nature of this sample, EELS line scan is performed along the oxide-alloy interface on the STEM-HAADF image (Fig. 14a) . Fig. 14b presents selected spectra of Ti-L 2,3 and O-K edges.
Similar to the sample oxidized in synthetic air (region II), where no nitrogen is detected, O-K edge decreases in intensity as oxygen concentration is reduced passing from oxide to the alloy region. Ti-L 2,3 edge of spectrum (A) is identified as Ti 5 O 9 after comparing its fine structure with Stoyanov et al. along with O-K edge composed of two peaks at 532.5 and 535 eV. The O-K edge for spectra (B) and (C) decreases in intensity along with a change of the fine structure and a small shift to higher energy values. This is accompanied with a small shift of . This might be because the titanium oxide grew on top of the Ti6242S alloy oxidized at high temperature. The oxygen dissolution deep in the alloy was detected by EELS spectra, where oxygen dissolution is present after few hundreds of nm. As a summary, the microstructure of the observed lamellas characterized by EELS is presented in Fig. 15 . It has been observed that in the nitrogen-rich atmosphere, the two samples present different behaviors at the oxide-alloy interface keeping the same oxide scale. After oxidation in synthetic air, the nitride region is discontinuous along the oxide-alloy interface coupled with the decrease in the oxidation state of the titanium oxide. In the nitrogen-free atmosphere, nitrogen is not present at the interface whereas segregation of Sn is evidenced.
Conclusions
In this study, the oxide-alloy interface of Ti6242S alloy oxidized at 650°C for 1000 h in both nitrogen free and synthetic air atmospheres was investigated by STEM-EELS technique:
1 EDX qualitative analysis showed a nitrogen enrichment at the oxidealloy interface of the sample oxidized in synthetic air. Then the EELS technique allowed the identification of the phases present along the interface, based on the fingerprint approach using the fine structure and the shift in ELNES peak positions. Below the oxide scale, a 13 nm thick oxynitride was detected above a 30 nm zone composed of TiN and Ti 2 N. Finally, a Ti(N) solid solution was observed underneath the nitrides. Thus, EELS technique has put in evidence its powerful detection of light elements in the excited atoms at a nanometer scale. 2 The observation of a second lamella extracted from the same sample (oxidized under synthetic air) revealed a different composition along the oxide-alloy interface. No nitrogen was detected which could be attributed to its absence at the interface or at a too low nitrogen content, making its detection difficult. 3 A third lamella was extracted from Ti6242S oxidized in nitrogen free atmosphere (80% Ar-20% O2) for 1000 h at 650°C. An oxide layer 5 times thicker than the one formed in synthetic air was observed. A Ti(O) solid solution and a discontinuous Sn segregation were detected at the oxide-alloy interface. To our knowledge, the phenomenon of Sn segregation is the first to be observed and its presence might be due to the large titanium and aluminum consumption during oxidation which lead to a higher Sn concentration compared to other elements at the interface.
These observations bring evidences of the nitrogen effect on the oxygen dissolution within Ti6242S alloy, when oxidized at 650°C for 1000 h. The formation of interfacial nitrides or N-rich α-Ti solid solution decreases the oxygen dissolution in the alloy and then limits its ingress in the bulk material.
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